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SUMMARY

A detailed method for determining the Jjet—boundary
ctorrections for reflection—plane moiels 1n rectangular
wind tunnels 1s presented,.The methdd includes tke deter—
mination of the “turnel svan load distrlbution and the
derivation of equatiouns for the corrections to the angle
of attack, the 1lift aad drag coefficlents, and the
pltchlng—, rolling-, vawing—, and hinge—moment coeffi-
clents., The principal effects of aerodynamic induction
and of the boundary-induced curvature of the streamlines
have been considered. 4An example is included to illustrate
the method, Numarical values of thé more important correc—
tions for reflection-plane models in 7-~ by 10-foot closged
wind tunnels are presented,

INTRODUCTION

‘The influénce of the Jet boundaries upon the air flow
at and behind two—dimensional—flow models and complete
modiels has been rather extensively investigated from theo-—
retical congiderations, The results of several of these
investigations aAre gliven 1ln references 1 to 4, A few ex—
perimental chegks of the theory have Yeen successfully
.made, The theoretical methods may be extended to determine
the influence of the jet boundaries upor the characteris-
tics of samiepan models mounted on reéflection planss in
rectangular wind tunnels,’ Cne of - the walls of a closed
wind tunnel may serve as the reflection plane, as shown
in figure 1, The jst—boundary corrections are usually
larger and the changes 1in the span load Alstribution are
somevhat greater for reflection-plane models than for
conmplete models, especlally with regard to the character-
lstics of the lateral-control devices. Greater care isg
therefore required in the computations and more factors
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must be considered Ter refleatien-plane-mode} corrections
than for the usual cemplete-medel corrections,

The present investigation was undertaken to develop
general methods of calculating the various corrections
and methods of determining the changes in the span load
distribution caused by the Jet boundaries. Numerical val~-
ues of the more important corrections were calculated for
a series of representative models mounted in 7- by 10-
foot closed rectangular wind tunnels, The numerical val-
ues are preséented in the form ef graphs and empiriecal
equations in a separate section of the report, in order
that the values may be obtained without referring to the
detalled calculation procedure, Tables of the numerical
values of the Jet~boundary-induced upwash velocity for 7-
by 10-foot alesed wind tunnels are included and should be
used 1f 1t 18 desired to compute the corrections for mod-
els having unusual) proportions, The complete calculation
procedure is 1llustrated in detall by an example.

The basic method used to determine the Jet-boundary
corrections 18 to determine the increments of zmerodynanie
forces and moments acting on a model whlich is twleted Dby
the amount of the boundary-induced upwash angle. Methods
of calculating the beundery-induced upwash angle aleng the
model span and chord and methods of calculatling the vari-
oug Jet-boundary cecorrections, accounting for the princi-
pal effeets of serodynamic induction, are presented in
separate sections in the presant report. .

The formulas and corrections presented apply to conm~
plete models for which tha spans are twice the spans ef
the reflectlon~plane models. If s model of only the outer
wing panel 1s tested, the measured characterlestice will be
for a model of the aspect ratlio, taper ratic, and lateral-
control-device span ratio actuglly tested. Additional
plan~-form aorrections -~ that is, the usual aspect~ratio
and taper-~ratio corrections plus corrections for the ratio
of the lateral-control~device span to the wing span, ref-
erence 5 - muegt therefore bo made to determine free-~alr
data for the actual alrplane from the sorrected data for
the model,
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STMBOLS

circalatlon strength of vortex
megsured l1f{ coefficlent
increment of 1ift ccefflcient

correction to 1ift coefficioent due t0 streamlins
curvature

section 1ift coefflolsnt -
section normai-force coeffloilient
section hingo-mecment coefficient
incremont of 11f%t at any scecilca
moasuro® rolling-moment ccefiicient

corrected rolllng-mcment coefficlent

increment of rolling-moment-coefflcientv correc-
tion éve to Jet boundarlies other than reflec-
tion plane, bascd on a reflectlon-plane rolllng-

ZAcz
moment -oerficient of 1 + —E{—L
c

rolling derivative due to doflectlon of lateral-
coatrol duvice (reference 5)

half of inzsroment of rolling-momont-coefficlent
corxectlién due t0 refiection plane based on
unlt free-alr rolling-moment coecfflclent

aozodynamic—induction factor used 1n determining
Cy

angle of attack

correction to angle of attack

Aincroment of induccd dreg at any section
correction to induced-drag cocefficlent
corroctlon to induced~yawing-moment coefflciloent

[(80ay) + (05y) + (80n) + (B0my), + (80ay), |
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increment of yawling-moment-coefficient correctlon
due to reflection plane

incremeat of yawing-moment-coefficient corroctlon
due to becunéary-irnduced aileron upwash and wing
loading

increment of yawing-msment-cosfflclent correction
due to bomrdary-induced wing upwash and tunnel
aileron loading

incroment of yawing-moment-coefilcient correctlon
due to bourdary-induced alleron upwask and flap
. loedirg

increment of yauving-moment~coefficlent correctlon
dus to boundarr-induced flap upwash and tunnel
aileron loeding '

cerrection te pltching~moment coofficient dﬁe to
strearline curvature

corrasction to hinge-moment coefficient

correctlion to hinge-moment coefflcient at any
section h

increment of hinge-moment correction at any sectlon
alr densilty

free-~-strean velocity, parallel to X axis

dynamlic presaurse (%pV%)

induced vertical veloclty, parallel to Z axis
dletance parallel to X axls
dlstance parallol %o Z axis
distance parallel to Y axis
centrold of spanwise load
spanwlse positlon of tralling vortices

effective height of wing above tunnel center line




b . . total wlpng ppan (twice.apan.of reflectien-~plane
modsl)

by span of alleron on semigpan modsl

be ppan of flap on semispen model

8 totel wing area (twice area of reflectlor-plane
modsl)

Sa area of alloron on semispan model

S¢ area of flap on semlspan model

12
aspect ratio C?f>

A taper ratio, rictitious chord at tip divided dbvy
chord et roct

c chord at any sectlon

c mean chord

Cg chord &t plane of symuetry

r radlus of curvature of streamlines

h tunnsl height

a tunr&l btreadth

aq slopo per radian of sectlon 1l1ft curve

81 8lopo por radian of 1i1ft curve of flnite-span
wing

Prax mazxinum ordinate of Jet-boundary-induced ellipti-
cal load

r hingo-momeat corroctlon factor for Jet-boundary-
induced elliptical load

Bubscripts:

w wing

flap

a alleron




b overhang balence

av aéerago

t tunnel

total total

c corrected

r roeflaction

P.D. principal part

8£.P. supplementary part
Cn fcr pitching momente
e effoctiveo

8.C. streamlina curvature
1.%. 1i1fting line

¥, spanwlee location of tralling vortex

Tho axes used are defined in figure 1. All loading
and boundary-inducod uopwash-velocity parameters with
primes aroe based on 1lift or rolling-rmomsnt coefficlents
not equal to unlty. '

BOUNDARY-~INDUCED UPWASH

Theory

General pvroblem.~ The goneral problem to be solved in
dotormining the Jjet-boundery cocrrections fecr a cemplete
mcdel in a wind tunnel 1s the determination of tho total
upwash veloclty induced by the Jet boundhries. The speclal
vroblem for a eeml.pan model mounted as a reflection-plane
model tc¢ csimulate a symmetrically loadsd complete model 1s
the determinaticn of the total boundary-induced upwash ve-
locity minus the induced upwash velocity due to the reflec-
tivn of the somispan model. The problen of determining
the boundary-induced upwash volacity due to unsymmetrical
loading devices, such as lateral-control devices on reflec-
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t1pon~plkane models;, 4's-one-of determining not only the to-
‘tpl boundary-induced upwash veloclty, ae for complete mod-
eldé, but alaso an addisional correction due to the non-
oxistence of the reflectlon wing.

Uge of imsggos.~ The kncwn boundary conditions to be

" eatisfled are zero normal veloclty for closed wind tun-—.
nels and cocnstant pressure for open wind tunnels. The
.boundary conditions for a closed rectangular tunnel may be
‘satieflied. by & doubly infinite syetem of .images (refer-
ance 1). Tiguro 1 shows the three-dimensioral image ar-
rangoment that. srtisfles the borndary condltions for a
semigpan model méunted in a clesed rectangular wird tunnel.
The model is mounted on tho X-% plane - or left.wall, look-
ing downsbtream - &nd lccated in the X-Y plane. The reflec~
tion vinz 1s shown %n phantcm and llee along the negative

Y axie. It may Ve noted that this image arrangoment 1is

the sume as that for n complete mcdeir of the samo seml-
gpan 1n a tunnol of the same height and twice tho width.
The images ¢f thac wing are ropreasented in this figure as
eimplo horseghoo vortices of ssmispan (y1|. Any actual

span loal ulstribuuion nay be constructed to any desired
degrec of accuracy from a combination of several horsoshos
vorticos. Tho threo-dimensicnal image arrangement 18 nec-
essary only whon 1t i3 dasired to comvuts the boundary-
induced upwaeh veloclity behind the 1lifting iine, the
etreamlline curvature, or the boundary-induced upwash ve-
loelty for models with excessivs sweepback.

The boundary-induced upwash velocity at the lifting
line may be determined from a two-dimenslonal image ar-
rangement satiafying the boundary conditlore at infinity
a8 shown by Prardtl. Figure 2 shows the two~dimensional
.image arrangement satisfying the bdcundary conditlons for a
aingle counterclockwise treiling vortex and 1its reflsction
(clockwisn) located at a distance d above the tunnel
cenbter line and at distances equal to y, &and -y, from
the reflectlon wall, The single tralling vortex and its
reflection represent the trailing vortices of a simple
Horseshoe vortex with semiepan equal to Iyl .

Galcglatien Methods

Proliminary calculations.- The calculations of gen-~
eral curves of boundary-indupged unwash velocity for vari-
ous image arrangements (figs. 1 and 2) of simple horseshoe
or tralling vortices will considerably eimplify the labor



involved 'in determlning the boundary-induced upwash veloc-
ity for any glven model. The boundary-induced upwash
velocity behind the 1lifting line for two values of vortex
semispan (image arrangements of fig. 1) was calculated by
the methods described in reference 2. The results of the
calculatlocne are presented in flgure 3 and table I, These
calculations avply either to a reflection-plane model in a
7- by 10-foot oclosed wind tunnel or to a complete (symmet-
rically loaded) model in & 7~ by 20-foot closed wind tunmnel.

The boundary-induced upwash velocities at the l1lfting
line were obtalned by computing the combined effect of
enough of the images, corresponding to the arrangement of
flgure 2, to gilve values accurate to the fourth decimal
placo. The results are given in figure 4 and table II,
Theso values apply to complete models mounted in 7- by
20-foot clcsed wind tunnels, as woll ‘as t¢ reflection-—plane
models mounted in 7~ by 10-foot closod wind tunnels.

The method used to detoermins tho boundary-induced up-
vash veloclty at the lifting line for any given image ar-
rangement 1s to dbreak up that image arrangement into cer-
tain groups, usuvally vertical rows of images, for whigh:
simple summatlon formulas are avallable. The sum of the
effects of each of these groups may then be determined.
The summatioun formulas for vertical rows of vortices ox-
tending from the Y-Z plane to infinity in one direction
were developed in references 3 and 4.

Upwash velcclty for nonuniform rpan loading.- Upwash velocity
for any nonuniform span loading may be approximated to any desired
degree of accuracy by breaking down the actual loasding into several
etepe over each of which the loading i1s assumed uniform. The boundary—
induced upwash velocity may then be determined as the &um
of all the compcanents of upwash veloclty due to all the
etopwise increments. Numerical values for the upwash ve-
locity may be taken directly from the tables rather than
from the figures, provided that incremente are teken at
4-foot valuos of ¥, If the tunnel walla epprreciably al-
ter the span load distribution, as they usually do for a
model with a lateral-coantrol device having a relatively
large span, the actual tunnel span lead dlstributiion
should be used instead of the theoretical free-alr span
load distridbution. Mothads of approximating the tunnel
epan loéad distribution wlill be presonted leter in this re-
port. 4 three- or four-step approximation to the tunnel
epan-load curve is ueually necessary for asymmetrical load
conditions. Calculgtions indicate that very large errors




dro introducéd by using slngle urniform loadings for the
acymmetrical conditions. For-axmmetrical load conditions,
however, a singlc-step approximation is usually satlisfacto-
ry 41f the span over whigch the unlform load is assumed to
act (called effoctive cpan) is propoerly chdsen.

‘The span-lbad parameter that will be ueed in the com-
putations it oc3A/b0L, which 1s equivalen’ to 2I4/pVOL

(and to L, s&as used in reference 6). The upwash angls in

radiane for unit 11ft coefficlent is w/V0; for small an~
gles. The formula for determining the local upwash angle
ig ther

N : VA
W - l?(!) A (BEZAY z (1) A EEL) (1)
Vo VCr 24 T bl
L 2A / 1"5.1 bVCr, ¥, _ v, L ¥,

where (%2' is obtalned frem figure 4 or table 1II and

1 .
A(cc;A/bGL5Y is provortienal to an increment of load ex-
1

tending from the reflection plane to y,. In cther words,
A(cc;A/bGL)y is proportional to the strength of the trall-
1

ing vortex assumed to leave the wing at y,.
Boundary-inducad upwash angles are given in figure b
for unit lift coofficlent for a 7-foot semlspan model of
aspect ratlic 6 and tapoer ratlo 0.5 and for a unit flap
11ft coefficlont for two ratlios of flep span to wlng span
(called flap-span ratio). The actual span leading 1s rep-
resented by a soven-step approximation. It may be seen
from filgure & that, 1f the proper value of the effective
semigpan 1s usocd, the upwash angle may be determined satilse-
factorlly by the uso of a pimple uniform load. The offec-
tive span 18, of course, dependent upon the particular
rodel-tunnel conflguration. Computatione for several rep-
resontatlve roflection-plane models in 7- by 10-foolt closed
wind tunnols indicate that good accuracy in the dstermina-
tion of the boundary-~induced upwash angle is obtained with
the followlng retios of effective span to actual span,
by/b or bfe/b, provided the model semispan is between 6

and 8 foet (the usual values): ’
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Wing: .
Bectegngular . . . . e « o o« s s e s+ e s o &« o o 0.93
Taper ratio, adbout O. 5 e a4 3 © & . a a ¢ o s &« &« 0.88
Taper ratio, about 0.25 . . . . . « « « . . . . . 0,83

Partial-span flapt
bpe/b greater than 0.6 . . « « . . « . « + « . « 1,00

be/b loss than 0.5 o -« « o o v 4 & 4o 4 s o+ . . s 1.30

The span-iczad parameter that will be used 1n the com-
putations for the asymmetrlcal lcading condlition is
cclA/bGz (ex ZPL/bVG ). The upwash angle, however, is
moet convoenlently expreaaod in terms of a parameter that
represents the reflectlion-plano loading for a rolllng-
momant coefficlont groeater than unity, as follows:

W ! _ b W cc.LA. J
[v(czc + zbclr)] YN z (F)Yl A [b(G-,,c + zc.clr)] (2)

Tho primes lndlcate that the expressions are not true
parameters, becauee the values are not for unit rolling-
moment coofficloant dbut for & rolllng-momont coefficiont
2AC0
equal to 1 + ——ZL.
Gzc

CORRECTIOQXS

Gouncral

The Jjet-bourdary corrections may be divided into two
groups. The first grocup conslets of all corrections to be
epplied to a symmetrically loadod model; that is, all
forcos, momenta, and air-fl:w condltions acting on the
reflection-plane model ars reflected identically with re-~
spect to reflection plane and thus the measured mcdel
characteristics 4Are for a eymmetrical modal. The measured
1ift, dreg, and piltching mcment of the model are thus ex-
actly one-half tLoge for a comnlete model mounted in a
wind tunuel of the same helght and twice the breadth as
the orlginal tunnel, and the boundaery-induced upwash ve-
locity 1e the same ag for the complote model in the larger
tunnel. The second group of corrections are for the asym-
metrically loaded conditior, such as the loading dus to
tho deflection of a lateral-control device. The loading
due to the lateral-contrel device is reflected into the
reflectlcn plane Just as 1t was for the symmetrical case;
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but the reflection 1e undesirable in this case and must be
ccrrocted fur, as 1t would not be presont on a complete
model. Also, the absence of the other wing (the reflec-
tion wing) causes the measured rolling and yawlng moments
to be too large, because the load due to asrodynamic in-
duction exlsting or the other wing of a complete model
will be absent from the measured values of a reflection-
plane model.

The correcticns will be determined wlth the proper
slgn in order that they may be added to the measured val-
ues for a closed-throat wind tunnel,

Symmetrical Loading Conditions

Spen load_ distribution.- Tho correction to the span
load distribution need net be determincd unless stalling
tests or actual span-load-distribution tests are made.
Calculatlona for a few reflectlon-plane models of usual
sige In 7- by 10-foot closed wind tunnels i1ndicate that
the wlng span load distribution is altered by the tunnel
walls by an amourt equivalent to a change 1n taper ratlo
of about 0.05; vhat 1s, if the geometrical taper ratie
of the model 1s 0.50, the wing span load distridbution in
the tunnel corresponds to a wing having a taper ratio of
about 0.45. The changes 1in flap sran loading are some-—
what greater than the changes 1n wing span loading. The
urual effesct >f the tunnel walls on the flap epan lcading
is to increase the relative lcading over the unflapped
portlion of the wing and to reduce the relative loading

. over the flapped portion of the wing. It should be remem-~

bered, however, that the type of change in epan load dis-
tribution caused by the Jet boundaries 1s entirely depend-
ent upor the model-tunnel configuration and that other
model~tunnel arrangements might produce effects oppesite
to those Just indicated for a reflection~plane model in a
7- by 10-foot cloesed wind tunnel. .
The span load distriduticn of the wing in froe alr
must be determined to evaluate the change in loading due
to the tunnel walls. The free-alr span loading for sym-
metrical lsad conditions may easily be obtained from the
tables of references 6 and 7 for several different wing-
flap combinaticns. TFor other flap arrangements or any in-
itial wlng twiet, the influence lines of reference 5 may
be used t¢ estimate the shape of the load curves. The ac-
tual load curve may be determined from ths condition that
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the area under the ourve of cojd/bCy plotted againet

E%E is equal to unity or, 1f plotted againset y, 1s nu-
merically equal to 1b/2; that is, the average ordinate 1s
equal to unlty. '

The incremeLt of boundary-induced load corresponding
to a tunnel 1ift coefficient of unlty l1ls obtalned by as-
suning that the wing is twisted an amount equal to the
boundary-induced upwesh angle w/VCl;. The boundary-induced
load 1s calculated from the influence lines of reference 5.
The influence lines give the load at a particular spanwlse
etatlon for unit changes in angle of attack extendlng
varlous distancse inward from the wing tip. Values of
cBA/b for the wlngs of reference 5 are given in figure 6

in order that the load parameter cc;/csm used in raference
5 may be converted to ccii/ba.

The .increment of boundary-induced load determined in
this fashion mar te added to the free-air span-load curve
to obtaln a first approximation to the tunnel-load curve
corresponding to a tunnel 1ift coefficlent of 1 + %%L,
where 4Cy/Cy, is equal to the ﬁverage ordinate of this

increment of boundary-induced lo:ad. Because the tunnel

AC
1ift coefficient 1 + 2L ls greater than unlity, a second

CL
approximatlion to the increment of boundary-induced load
' AC
based on a 1l1f% coefficient of 1 + EEL and the new load

élstridbutlion must be determined and then a third approxi-
matlion wmust be made, and so forth. In order to avoid the
necessity for uslng successive approximations in this
fashion, it may be assumed thaet the values of w/VC1 wueed
for the first aprroximation need only be multinplied by

" constants determined from the increase in 1ift coefficient
for each of tho remaining approximations; that is, it may
be assumed that the chkange in the shape of the span-load
curve would not change the ghape of the w/VOy curves.

It vae shown that the values of the w/V0p curve may be
computed with satisfactory accuracy when a uniform loading
over an effective span is assumed and, inasmuch as the sghape
of the tunnel-load curve does not change appreclably, thie
assunption of unchanged w/VC], curvee 1s reasonable. The
increment of boundary-induced load corresponding to the
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nth a'proximatioﬁ baged on & free~alr unit 1l1ft ceeffi-~
cient ?if the shape of the w/VCl; curve ie unchanged)

ie simply equal te¢ the values for the first approximation

times -In order to obtaln the loadlng ln the tuna

c -
1 - %EL
AGL
c1 -
nel corresponding to a 1lift coefficlent of 1 + —__—ZE;
1l - -G—L—
add to the frec-alr load this nth approximation. Divide
' ACt,
—5<
ell theso values by 1 + '__LA'E to obtain ‘the tunnel-load
- EE_

curve for unilt 1ift ccefficlent.

Thie method c¢f estimating the tunnel spen load dlstrl-
butlon takes into account the main oeffects of asrodynamlec
inductican. Tho mothod 1s not exact bPecausoc the Jjet-boundary-
inducod upwash aungie w/VGL 1s calculated approximately.
If desired, the upwash angle corresponding to the tunnel-
load curva previously determined can be obtained with great
accuracy by using meny steps in the stepwlgse dlistridbution
to ropresent tho tunnel-load curve. The calculatlions can
then be ropeated with the new values of boundary-induced
upwash angle. The procoss could be repsated until tho ex-
act tunnel loading, ingofar as liftling-line theory appliles,
18 obtalnod. It seems, however, that the process 1s so
rapldly convergent that the span loadling calculated from
the approximate upwash angles 1is uapally satlsfactory.

Ag a check on the cunvergence, the tunnel span load
distridutlon for a large-span elliptical wing in a circu-
lar wind tunnel was computed by the method previously de-
scribed and the result was compared in figure 7 with the
more exact calculatlon of the tunnel span load distridbu-
tinn made by Millikan (reference 8), It may be noted from
figure 7 that the effect of the tunnel walls 1s opposite
in this case to the effect already described for models of
usual slze in 7- by 20~foot closed wind tunnels or refleo-

tion-plane modele in 7~ by 10-foot closed wind tunnels. -

Influenge lines, similar to those given in reference 5,
were determlned for an ellipticel wing fer use in caloculat-
ing the boundary-induced load increment. .
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A comparison of the final tunnel-load curve with the
original (free-alr) load curve indicates the change in
span loading caused by the tunnel walls. The increment of
load due to streamline curvature may slso be added to the
original load curve. Because the original curve was ob-
talined, however, from the lifting-line theory rather than
from the lifting-surface theory, such an additional step
would seem an undue reflnement.

Chovdwige loed dietribution.~ The chordwise load end
the chordwlses lead distribution at each sectlon ars al-
tered by the Jot boundaries. The maln portion of this
change in load is corrected for by the ueual iunduced
angle—-of-attack correction for the upwash angle at the
lifting iine. The curvature of the streamlines caused by

.the Jet boundarles effectively changes the airfoll camber,

which results in a further change in the chordwise load
(and the chordwise load distribution). The corrections
due to the change 1n effective camber may be applled part-
ly as an increanse( angle-of-attack correction and partly
as a correctlion to the 1lift, the pitching moment, and the

hinge momeni.

The goneral cheracterlstics of the increment of load
due to boundary-induced streamline curvature may be ssti-
mated from thin-alrfoil theory. The eshape of the boundary-
induced streamllnes 18, to a first approximation, clrcu-
lar because the boundary-induced upwash angle varles al-
most linearly along the chord unless very wilde-chord mod-
ele are usod (fig. 3).

The chordwlse load for an alrfoll with circular cam-
ber may be broken into two components. One component
correepoads to 2 lcading of the flat-plate type, which
1s similar to the loadlng due to an engle-of-attack change
(also callod additional-type loading). The magnitude of
the load 1s determined from the product of the slcpe of
the 1lift curve and the boundary-~ilnduced increese in the
angle of inclination of the tangent at the 0.50¢ polnt
because, for circular caember, the c¢urve at thile point is
parallel to the chord line connecting the ends of the
mean line. Inasmuch as thils compornant of load 1s simllar
to the load resulting from a simple angle-of-attack change,
1t may be applied ae en additlional angle-of-attack correc-
tion, The other comvonent of load is elliptically shaped
and 1ts magnitude 1s determined by the product of the
slope of the 1ift curve and the angular difference between

the gero-1llft llne and the chord line or the 0,506-point
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tangent line. The sero-lift line, for an alrfoll ‘with cir-
cular camber, 1s determined by the angle of inclination

of the tangent of the 0.75¢c point. The 1ift, the pitching-
moment, and the hinge-moment correctlons are a result of
this elliptical component of load.

The location of the lifting line for a plain alrfoil
may be assumed to be at the 0.235¢ point and the boundary~
induced upwash angle ie computed by assuming that the to-
tal 1ift is concentrated at the lifting line. The loca-
tion ¢f the lifting line for a flapped wing will lie some~
where behind the 0.26c¢c point, depending upon the flap
characteristices. The location of the lifting line deter-
mines the magnitude and direction of the flat-plate type
of load. The two components (flat-plate-load and ellip-
tical load) are equal and positive 1f the 1lifting line 18
located at the 0.25¢ point. BEach component may be ex-

presssd as
8,0 ~ o VCL>
AOI = 0.256 '—r— 0.25 B-OOOL —-—a;—-

wvhere r 1s the radius of curvature of the streamlines.
If the 1ifting line 1is at the p-50c point, the flat-plate
component of load 1s zero. The™~elliptical component 1s
positive and equal to 0.25 aogér. becauss it is 1ndepend-
ent of the location of the 1if%ing line. If an extensi~
ble flap ls used, the magnitude and the distribution of
the chordwlese load must be calculated as though the chord
of the alrfoll were increased. Because the results of
the tests are usually based on the orlginal chord, the
final correctlion must also be reduced to a coefficlent
basged on the original chord.

No correction will be applied directly to the chord-
wlse load dlestribution but the angle of attack, the 1lift,
the pitoching moment, and the hinge moment wilill be corrected
‘to account for the altered load distridution.

Angle of attack.- The main portion of the angle-of~-
attack correction 1s due to the Jet-~boundary-induced up~-
wash angle at the lifting line. The problem of finding
the angle-of-attack correction is, basically, the determi-
natlion of the angle of attack that. the model would require
in free alir to have the same lift as in the wind tunnel.
The correction angle is, then, the difference between the
free-alr angle of attack and the tunnel angle of attack,
If the tunnel span load distribution is determined, the
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angle-of-attack correction due to the boundary-induced up-
weesh at the lifting line 1is given as

AGL 57 .3

Ao =
Cy, a,

CL (3)

vhere 40r/C; 1e tho increment of boundary-induced load

for a- tunnel 1lift cooefficlent of unity as determined for
the apan—load calculations.

- If the tunnol span load distribution 1s not deter-
mihed, the angloe-of-attack correction may be calculated
by '‘an alternete method that gives values almost ildenti-
cal with those of the mothod just described. For the.al-
ternato method the boundary-lnduccd upwash angle 1s
wolghtod according to the wing chord at each sectlon and
is then averagod across the span. The formula 1is

b/2
57.30

A L d | ()
o = 572 - Vop ¢ dy _ 4 .
/| o

The increment of additional load caused by stream-
llne curvature is dopondent upon the roletive distance .
botwoen the lifting line and the 0.50c point as indicated
In the sectlon on chordwleo load distribution. In the
case of tha wing, the lifting line may te assumed tq beo

x
locatad at the 0.25¢ point; thus 0.50 - —l:l* = 0,25.

Because the 11fting line due to. deflectlon of a partial-
span flap 1s usually located very near the 0.50c point,
1t- generally 1s not necessary to apply & correction %o
ke angle of attack for thls case. The genoral ocquation
for tho correction to the angle of attack 1s

b/z
80, . G :
e, o= — (p 50 - ——*—4) ﬁ/ﬁ (x %; 3 ay (6)

B.C.

° (VGJ 2

where the quantity 18 eguivalent to
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1
&
¥ :

1

]
Values of [ 3x ]y' nmay be obtamined from table I for
) 1 '

¥y, = 3 fooet and for y, = 6 feet. The correctlon angle

deternined by equation (5) should be addsd to the lifting-
line correctlon angle as computod from equation (3) or
from equaticn (4).

Lift .- Tho measured 1ift in a closed wind tunnel 1g
greater than 1t would b® 1n froe alr even though the com-
plete angle-of-attaeck correctlcn 1s applied. The increase
in 11ft 18 due to the elliptically shaped increment of
chordwlse lcad caused by etreamlime curvature. Thig ellip-
ticelly shared increment is apnlied as a correctlion to the
11ft rather than as & correctlion to the angle of attack in
order to ccrrect the maximum 11ft coefficient. This in-
creunent 1e determined from the egione ef the 11ft curve and
the difference 1n Jet-boundary-irduced upwash angle at the
0.50c polnt and at the 0.75¢ point. The integral

/ w
/n "% (ch) 24

o ox _b

c® dy calculated for the Aag g,
correctlion may aleo be uased for the 1lift correction

A E -
GLB-C. 4b

— c”ay (s)

° (v7)
a, O, /.,b/2 Ve /aa

where a, 1s used instead of a, to account aprroximately
for aerodynamlc induction.

If the 1lifting line can be assumed to be located at
the 0.25c point, as in the case of the wing, equation (6)
may be written for the wing 11ft correction as

(Acl'a-o.l = "_(A%.c.)w gf.,—lg (7)
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L small correction to the lateral center of pressurse,
which is determined from the rolling moment, may be odb-
tained by performing a moument integration of the stream-
line curvature load, as

b/2_ (¥
a,0p, /‘ ®\¥or/ 20 o
s — — -— c ¥y 4y
B.C. sb2 Jy ax b

ac,

It should be noted that thige increment is based on the
complete span b rather than on the model span b/2.

Pitching moment.- The pltchling-mement coefficlent must
be corrected for the elliptical component of the boundary—
induced load. The correction is .

_ b/z )
Cra_x [ ¢ a VU A
AC, = L7o Ca L L (}- ——> 1] \ 22 c2ay  (8)
4vc,, 4xg, 3x b
u ™
vhere tha factor [——E— 1 - —«\ + ;l] accounts approxi-
ap. o

mately for the effects of aerodyramic inductlon and reduces
to unilty if the momants are taken about a line througk
©,/4. The clstance X6, is meaeured between the line

about whichk the- moments are computed and the mldchord at

the spanwise centroid of the elliptical load ?B c vhere
 b/2 . '
2A a<VGL/ o
- ¢’y 4y
_— ‘o b
yB-c. = (9)
T2 a<—>
I8 24 VG
/ —_ c dy
b
o/
o
Downwagh behind wing.- The :¢orrectlon to the downwash

behind a reflection-plane model 1s determined from the
boundary-induced upwash curves previouely computed. The
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general methods of reference 'Z should be uaed to determine
the downwaah—angle correotion,

Drag.- Tho induced-~drag correction is determined from
the generalized Eutta-Joukowskl law. The boundary-induced
upwash angle and the tunnel span loadling are used in the
computation of the induced-drag correction. The upvash an-
€le at each sectlon must be multiplied by the loading at
that sectlion and the result integrated mechanically. In
order to eetablish the method and to determine the propor-
ticnality constants, the integration formula will be de-
veloped.

The incromeat of induced drag at any section due to
the tunnel walls 1s

ADy = pwl ay . (10)

and the increment of induced-drag coefficlent for the wing
is

b/2
Ac < T a (11)
Dy = '.;:E w v 11

(o)

where the product wI' is the sum of all component products
of wing and flap upwash velocity and circulation

3
Pe o (Gg) Go) ont + () G, o
24 VGLw bch w VGL bCyr, Lg

£

(‘TG_) (::LA) 05 On, + (T'G{_) (°°1> cL'f] (13)

A correction to the lateral ceanter of pressure of tho induced-
drag force may be obtained by integrating the increment of
drag glven in equation (10) for the yawlng-moment. coefficlent

b/3
Acni = - —:—f 'y Ay o (13)

Binge nmoments.- The measured hinge moments of the-
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high-11ft device and lateral-control device should be cor-
rected for the componenbt of elliptical load caused by the
curvature of the streamlires. The hinge-moment correction
1s determined from an 1lntegration of the moment about the
hinge axips of thilis load on the high-lift devlce or on the
control surface. The integration muet be performed over
the entire surface - both choriwise and spanwise - because,
in general, the correction variles along the span. The
chordwise integration can be performed analytically because
the chape of the load 1s known to be nearly elliptical.
The increment of load at any section 1s determined from
the oxpreeslion for the area of an ellipee as

1

ALB =g W Pmax c (14)

vhere Pp,y 1is the maximum ordinate of the elliptical
load. The increment of load is also equivalent to

W
Gya _qb |9 ( -) 0
L2o8 VOu/ 2b 5
AL s 33 = (15)

The increment of hinge moment AH; at any eection

18 obtalned br a moment integration about the hinge axis
of the part of the elliptical load over the movable sur-
face, as -

AEg = EZ ma f /1 - c72 (c/a + c]2 - 1) (—/—?>(16)

2
/ x
vhere P, . V/I - \E7§> s the ordinate of the elliptical

load. The value of Pp,x 18 obtained by esolving equations
(14) and (15) and is substituted in equation (16) to give

AH

=G:r_.:;:'b\l:(;:1. 2 f /1. (c/a (c/z 0/2-1)4({7:3)

where the integral

f Jll - <o7z)a (c72; +‘cc/fz - 1) a (755>
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will be known as the hinge-moment correction factor for
elliptical load F and the integration 1s carrlied acroas
the flap and across apy overhang type of balancs. The re-
pults of the integratlon are presented in figure 8 as a
function of the ratlo of the flap chord to the airfoil.
chord cp/c or bf the alleron chord to the 'airfoll chord

cg/c, and of the overhang balance chord ratilos cp/er
and cy/e,. The corrections to the flap hinge-moment coef-
ficlert may nuw be expressed as

-7
Cya b C (Txc'
ACy, = ——532:— /P — L/ 2 ¢®| P ay (17)
8mASyscs ox b

whorc the epanvise integration across the flap must be per-
formed mechanically. The correction to the alleron hinge-
moment coefficient mey be detormined by performing the 1n-
tegration over the limits of the aileron span rather than
of the flap span, as indicated iIn equatien (17), and by
using S, and cg. It sheculd be noted that ¥ 1s a func-

tlon of only cg/c (or cy/e) &zd op/ep (or cp/ecg) and

will therefore have the same value at all sectlons of
constant-percentaga-chord flaps or allerons. The effect

of aeroiynamic induction on the rLinge-moment correcticn

due to stresaline curvature is spall and will be neglected.

Agymmetrical Loading Conditions

Bpan load distribution.- The Je; boundaries have a

pronounced effect upon the span load distridbuticn of asym-
metrical load devices on reflection-plane models. In or-
der to determine the rolling- and yawing-moment correoc-
tlons, part of the computations to determine the tunnel
span load dletribution must be made., The actual distribu-
tlon may be obtained by a small amount of additional work
and a more aoccurate estimate of the rolling-, yawing-,

and hlinge~moment corrections is thenm possible.

The tunnel span load &istributich 1s determinsd by

-addlng to the free~air losd the increment of lead due to

the reflection plane snd the inorement of load due to the

-other Jet boundaries and by then reducing this total load

to that for a rolling-moment coefflolent of unity. The
influence lines of reference 5 may be used to estimate the
free-alr load and the reflection-plane load increment. It
should be noted that the reflection-plane load increment
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1s simply the load induced on the reflection wing for an
ssymmetrical load on the real wing, that 18, the load
curve for a reflectlion-plane model in free air (no Jet
boundaries except the reflection plane) i8 obtained Dby
sdding the free-alr load at -~y to that at 7.

The load parameter oc;/csa of reference 5 should
bs changed to cc-,’.A./'bGz'c for convenlent use in the compu-

tation of jet-boundary corrections. The coaversicn may be
made as

C
ok _oey b [, o
bozc Csdr b / @

where values of caA/b are given 1n figure 6 for the wlngs
of reference 5 and values of G;c/m may be detoermlned from
figure 16 of reference 5 - that 1s, G;c/m 0.5 G;B/k. The

conversion may be made graphically from the conditlon that
the moment of the area under the curve of ccli/bczc

againet %%; is equal to 4.0 or, 1f plotted agelnst y,
[ ]

3 2
13 numericelly equal to 4:0(b/2) or b .

The increment of load due to the Jet boundaries (other
then the reflection plane) is obtained from the influence
lines of reference 5 by the same general methods uscd in
determining the 1lncrement of boundary-~induced load for the
gsynmetrical loading conditicn; that 1e, the wing is assumed
to be twisted by the amount of the boundary-induced up-
wash angle and the corresponding incroement of load 1s ob-
tained from the influence lines. '

The boundary-induced upwash angle should, strictly
speaklng, be determined by a process of successlve ap-
proximations because 1t also depends upoen the shape of the
tunnol span load curvoe. It 1s usually satlsfactory, how-
ever, to reprosent the reflectlion-plane loading by a
three~ or four-step approximation, and to calculate thre
corresponding boundary-induced upwash angle by the methods
suggeseted 1n the sectlon on boundary-induced upwash veleoc-
lty. The Iincremeant of load calculated from this boundary-
induced upwash angle wlll correspond to a rolling-moment

24C
coefficlent of 1 + 0115, which i1s the reflection-plane
c
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L. ae e

rolling-m-ment cocefflclent for vnlt free—alr rolling-
moment coeificilent. (The use of these factors will be
made clearer in the section on rolling-moment corrections
and 1n the 1llustrative example,) The increment of load
nust therofore be increased to correspond to the rolling-
moment coefflcient occurring 1n the tunnel for unit freo-
air rolling-moment coefficient (03 = 1,0). It will be

shown later 1n the section on rolling-mement correctlons
that the tunnel rolling-moment coefflicient for unlt free-
alr rolling~moment ccofflclent 1ls equal to

240,
1+ —5

c

le
ACL

LG

2 11

C,

C

where AC; 1o the moment ¢f the increment of bcundary-

induccod lcad coirespording to the reflectlon-plane load.
This insromeat must iherefors be multiplioéd by

1
Acy
2AG;_

-01

1 +

c

before 1t 1e added to the reflectlon-plans load. Tho tun~
nel span load distrlbution for unlt tunnel rolling-moment
coofficiont 1s obtained by so reducing the ordinages of
thie curve that tho moment 1s equal to 4.0 (b/2)° or

(the samo thing) by multiplying by the rolling-moment-
coefficlent correction

AC,
2A0;r

1l +
0,

C

c =
10/01 ZAG;r

1l + a3

c
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The tunnel span load distribution, as well as the rolling-~
moment-coefflciont correction, has thus been determined.
The oxplanatlon of the determination of the rolling-
moment correction will be glven in the rnext sectlion in
some detall to explain further the method of dotermining
the tunnel loading and to presont alternate methods of do-
termining the reclling-moment correction that do not re-
quire tho determination of the tunnel loadlng.

Polling moment .~ Thoe correction to the rolling moment
will be dotermined in two parts. The first part of the
corroctlon 1e caused by the abscnce of the reflection wing
and the load incremsnt dus t6 the reflection plana. This
part of the correction depends not upon the model-tunnel
conf!guration but only upon- -tho characteristics of the
modol 1btself; consequently, 1t was vposslible to calculate
the correction incromont for zeveral wing-alleron combi-
nations from the datan of roference 5. Tho aillasron span
load dlistributions were mochanlcally integrated to deter-
mino the noment of the load on the absent wing AC; /Cy, .

1n torme of the froe-alr moment of the total load. Fot
only tecaure the roflection wing 1s nonsxistent but also
because an egual load 1s induced on the reel wing dy the
refloctlcn 1mage. twice thle absent-wing momont must be
appllod as & correction. The correction is presented in
240 1
flgure 9 in an eagily used form, 1 + —E?_; as a funption
. .
of the alleron span ratio - that is, ratio of alleron span
to wing somispan - for allerons extending inward from the
wing tips.

The second part of the rolling-moment correction ACy
results from the momant about the planse of symmastry of
the boundary~-induced load. The method of calculating the
boundary-induced load has already been explained in con-
nection with the dosermination of the tunnel span load
distribution, If the tunnol span loading 18 not deter-
mined, this second incroment may be calculated from simple
strip theory - neglecting aerodynamic induction, that 1s,

the effects of the velocities induced by the trailing-vortex

system - and multiplied dy a facter A/(A + J) +to account
approximately for the effects of eerodynamic induetion.

The value of J depends upon the distridbution of
boundary-irduced upwash angle and the model taper ratilo
but 1s practically independent of aspect ratio and only
slightly dependent upon the slope of the section 1ift
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curve. Flgure 10 glves.some values of J as a function
of taper ratlo for three distrlbutions of boundary-lnduced
upwash angle. The ccrresponding upwash-angle distribution
is also given In figure 10 and corresponds to various
elleron-span ratlios for reflectlon-plane models in 7- by
10~foot closed wind tunnelavs

The formula for determining the second inorement of
the correction la :

b/2 .

.A.aa w
= 0 d (19)

]
W

where [V(Gzc " ZAczr)] 18 the boundary-induced upwaah

angle corresponding to the free-~slr load plus the reflectlion-
Plane load increment., The quentity A0; therefore corre-
sponds to this reflectlon-plane load and nust be divided by
2400 lm

1+

o In order to be based cn unit tunnsl rolling-
le

moment coefflcient.

The final c¢rrected rolling-moment coefficlent Cy

is °
c o A ac,
1+ L
G
le
or
Acz
1 (1 - 24C
1+ E
Cy = Cle (20)
le T 340, . ?
1+ —x
Gy
c
240,
where 1 + 5 L i@ obtalned from figure 9 and AC; may
1 .

c
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be obtained elther from equation (19) or as follows:
b/2 ‘ \
lf A[ o0y a (21)
ACy = —
1 =13 {0y, + 2803 )] 7.

o

. !
vhere A [}cli/b(o;c + aAc;r)] ig the increment of
]
boundary-induced load obtalned from the span-~-load calcula~
tiong for the reflection-plane load 03, + 2A0;r

The effect of streamline curvature wae not included
in ecuetlion (20) because calculations for several models
showed that thc effect was small eanough to be neglected.

Tho rolling-moment coefficients as computed frem
equetioa (20) are of the correct magnitude but apply to a
ving angle of attack slightly different from the geomet-
ric angle of attack corrected for the symmetrical-load
boundary-induced upwash angle determined for gero rolling
m-ment. The effectlve change in wiang angle of attack re-
sults from tae sileron boundary-induced upwvash angle and
the reflection-plane induced angle. The fact that the
corrected rolling-morent coefficients really apply to a
8llghtly different wing angle of attack 1s of importance
only near the stell or for alleron arrangements particular-
ly eengltive to angle-of-attack changes and is usually o
neglected. The angle change is usually small, less than %

In e r norent .~ The correction to the induced
yaring monent results from the interaction of the several
components cf boundary-induced upwash veloclty and the sev-

eral components of load as well as from the reflection im-

age and the absence of the reflection wing. The calcula-
tion procedure will be to determine separately cach compo-~
nent of tke correction and then to sum up the various com-
ponente as follows:

80y, = (A0y,) +(A0n,) + (A0y,) + (80y) + (A0y,) (23)

vhere the various components are defined in the symbols.

Values of the correction due to the reflection plane

(Aﬂni) were calculated from the influence lines of ref-
P L x-F- e AR T ol 4 SOUE AN M Y 2K LR O S SN
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erence 5 for a series of aileron~span ratlos for the plane
wving and for flap-span ratioe of 0.4 end 0.7. This partd
of the yaving-moment correctlion 1s due solely to the re~
fleoction plane and does not depend upon the tunnel-model
dimensions. The effect of flap span proved to be negligi-
bPle; so the values of the correctlion as presanted in fig-
ure 11 in the form of curves of (Acni)l/O;GGL against

alloron-span ratio for ailerons extending inward from the
tive are therafore for values of tho 1ift cceffiocient

equal to the measured 1lift coefficiont. The other compo-
nents are determined from equation (13) where the product
wI' 1s defined by the subscripts 3, 3, 4, and 5. (See
SYMBOLS.) All components of boundary-induced upvash veloc-
1ty and load have already been calconlated 1n the form of
paramncters that are easlly coanverted to the product wl'.

Hingo moments.- The Jjet-~boundary corroctlions to the
hinge momente of lataral-control devices are usutlly
small, The correctlon due to the elliptical streamline
curvature load for the symmetrical loading condlition has
already bsen presentsd. Another small correction exists
because the load due to alleron deflectlon is greater in
the wind tunnel than in free air. Although the load due
to alleron deflection may be as much as 15 or 20 percen¥
greater in the wind %unnel, the correction to the hinge
momente is very small because the. greater part of the
boundary-induced load 1e of the addItional type (eimilar
to that produced by an angle-of-attack change), whlch has
only a emall load over the alleron portion :f ths wing.
The correction is calculated from the average difference
between the span loading due to the lateral-control de-
vice 1n the wind tunnel and the loading in free air due
to a given alleron deflectinon. Becaunse the correctlion 1is
small, the increment of load at the alleron cenber section

cCqA ! ccqld
A[-o(c T )] + 8 (550-)

will ugually be sufficient for the calculation. The cor-
rection to the aileron hinge-moment coefficlent is then
assumed to equal the correction to the esection hinge-
moment coefficient of the aileron center section (or of .

some other typical section).
ce
ol

. ~ ) 1
b0; dep [ cejd
b °h cA Qdop 4 'b(G;c+2Ac;r) +A(
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where achlaon may be determined experimentall& or from

section data such as reference 9 for plain-~-flap lateral-
control devices. The hinge-moment correction resultling
from the aileron-load streamline curvature 1s usually
small eanocugh to be neglecised.

NUMBERICAL VALUES OF CORREOTIONS FOR MODELS IN
?- BY 10-FOOT CLOSED WiND TUNNZELS

Some numerical values of the more important corroc-
tions wore computed for various reflection-plane models
mounted in 7- by 10-foot closed wind tunnels. Oross plots
vere made to determine the variation ef the corrections
vith each of the model parameters - A and A, -for example -
and the results are presented as graphs and empirical egua~
tions that may easily be uesed to estimate the values of the
corrections for almost any model. The computations were
made by using the load curves and the chord distributions
of reference 6 for constant-perceatage-chord flaps extend-
Ing outvard from the plane of symmetry and for constant-
percentage-chord ailerons extending lnward from the wing
tip. The values of the corrections presented should be
suffliclently accurate for models that deviate slightly
from these conditione. The corrections are given in terms
of the measured 1lift and the measured rolling-moment coef~
flcients.

The corrections to the angle of attack, the 1ift, the
drag, and the yawing-momsnt coefficients for synmetrical
loading conditions are presented in figure 12 for wings
having A = 0.5 and without partial-span flaps. The corre-
sponding oorrections for models of any taper ratio and flap-
span ratlo may be -determined by substituting the values ob-
talned from figure 12 in the following enmpirical equations:

Aa = (Q%Z ; [1 -*.0.063 (A-o.s)] "["va + 0.90 ch]

ACy, - .
Acy, = |—x820. [1 - 0.116 O\-o.a)]
s.c. Or, b

{cL * [1 + 0.160 (1-71)] chj

o Wt g ‘Tll_"‘.""‘—" .7. .- |"" '-' A Y
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AGDi = '—B‘L - '[1 07080 (W-0.B) ] . e
p.p.

. b b
_ g _ by 2]
{ch +2 [:%+o.zo 1 b;—é)]%,%f [1+°'65 (1 YE) ].GI'f J

Acy\.
‘8Cq, = (—pk [1 + 0.130 O\-o.s)}
cLa PP

{GL: + [1 - 0.25 (1 - %%)] [achcL'f ; ch"]}

The corractione to the rolling- and the yawing-moment
coefficlonte for asynmetrical loeding conditions may be de~
teruined frem figure 13. 7The princival curves of this fig-

ure are drawn for models having % = 7 foet and A = 0.50,

<
Supplementary curves on the same flgurc gilve additionanl
correctlon incroments that account for tho offect of cther
spans and othor taper ratlos. Tkoe total correcticns are
obtained by adding the addltional increments to the cor-~
rectlons obtained from the principal curves, as followe:

rc . | C
L L c
01_ = ——Q-c + —-—q-c 1
c ] : 3
p-P. 8.p.
Y - AO
AC,  =pr—ml + (—nd .0
nyg < 1vL
13, . Cihs. 0.

. The streamline-curvature correction to the hinge-
moment coefficients of plain or- balanced (overhang type of
balance) flape and ailerons were computed, The balance
chord 1s assumed to be a constant percentage of the flap
or alleron chord, and the flaps and ailerons are also of
constant-percentage types. Filgure 14 gives values of the

'parameter ACpA® (%fj!/cLbar for various flap- and

allergn-span ratios and various taper ratios. The factor
¥ 1e taken from figure 8.
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It should be remembered that the streamline-curvature
correction to the hinge moments 1s s functlion of the cube
of the chord and comparatively minor variations in plan
form, such as tip shape, thus may change the correction by
10 or 15 percent for a given wing span and a gliven aspect
ratio. The value of the correction that 18 determined for
a wing with linear taper in the following 1llustravive ex-
emple indicates the posslble change in the hinge-moment
correction with plan-form details. The correctien is usu-
ally falrly small, however, so changes of 10 to 15 percent
in 1ts magnitude are not too critical.

The correction to the aileron hinge-moment coeffl-
cient caused by asymmetrical loadling may be expressed
roughly as o

A = o & __ =
Cp 15 X 3 G,

os
where the value of 5;% (¢ in degrees) 1s determined ex-

perimentally (or estimated) for a given model. This cor-
rectlion 18 very small for modelsg having ordlnary propor-
tions.

ILLUSTRATIVE FXAMPLE

The method of cecmputing the Jet-boundary corrections
for a reflection-plane model will be 1llustrated in detaill
by an example, The method applies to any rectangular tun-~
nel but, because the computations of the boundary-induced
upwash velocities (figs. 4 and 5) have been performed only
for a 7- by 10-fo0ot closed tunnel, the ‘example is for a
model 1n a tunnel of these dlmensions.

In practico, however, the principal corrections for
models 1n 7- by 10-foot tunnels can bo more easlly ob-
tained from the graphs and empirical equations just pre-
sented. In practice, also, it will seldom be worth while
o0 compute all the corrections, such as those to ths span
load distribution; however, for completeness, all the cor-
rections wilill be computed in the example. It might be
nated that 1t 1s often convenlent to use a eingle average
correctlion for wing-flap combinatlione rather than to break
the correction lnto two parts. The accuracy required for
the corrections will detormine the number of these simpli-
fications that may be used.
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required for the computations are as follows:

Aspect ratlo, A . . . . . . . . & & . e e e e e 6
Taper ratio, A + + ¢ « o o + o o o o o s s + o s« « » 0.5
Semispan, b/é, oot . . . ¢ e 4 6 e s s a2 s s s . s 7.0

Wing area, B, square feet . . . « ¢« ¢ + . ¢« o o . ©2.67

Flap area, Sf, square feet . . + ¢« & ¢ 4 e o o+ . 1.94
) t

Flap-apan Tatio. %%S [ ] - L] [ . [ ] ] ] [] [ ) [ ] ] [ ] . 005

Flap-chord ratio, cg/c e s v s e e e e e e e e 0.2

Flap mean cherd, ¢p, £00t .o o & ¢« o + & &+ o o o . 0.55
dileron area, Sa. square feet . . . . .+ « < . . 1.19

Location, 1nboard atleron tip, E%— e ¢ e e s o = 0.50

s
Lob]

Location, outboard eilsrcn t1ip, 0.97

b
Aileron—chord ratio' Ga/c . L] . L] L] L] . . L] . L] [} 0.3

Aileron mean chord, ¢ FOOt v & & ¢ o 4 & o o @ 0.40

al

The wing has rounded tips and 1s equipped with plain, unbal-
anced, eealed, constant-percentage-~chord flaps and ailerons.
The modol is mounted on the center line of a 7~ by 10-foot
wind tunnel.

Because the influence lines of reference 5 are used 1ln
the calculatlions, the slope of the ssction 1ift curves used
for reference 5 will be used in this example. The value of
tho slope of the sectlion 1lift ocurve 8, is £.67 per radian

and of the slope of the finite-span 1ift ocurve a, 41s 4.38
per radian. - .

Symmetrical Loadling Conditions

Computations for the symmetricai loading conditions
may be made in the followlng Bsteps: .

1. Values of (w/I")w for the horséshoe vortex repre-
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senting the wing are obtalned from table Il by assuming an
‘effective voritex semispan y, of 6.0 feet. The recomrend-
ed valus of y, would be 0.88 b/2, or 6.16 feet, but the

nearest %-foot value 1s selected 1in order tc use the numer-

ical values of the upwash velocities from the table with-

out interpolation. The upwash angle at each st ation for

unit 11ft coefficient is obteined from equation (1) where

. ccyd b
the single load increment A ——l—) is equal to _LE
. bcL 5.1 y:,

and theroefore
2
14
(o) - @) 22|k @)
L/ Llyl X 6 X 6 ¥,
The upvash angle 18 plotted in flgure 16.

2. Velues of (w[P)f for the horseshoe vortex repre-

senting the flaps are obtained from table II for a value of
v, ol 4.5 faet, which corresnonds approximately to tne

reconzended ratic by /by = 1/29. The upwash angle is

_ 4 3 .
@), - @) 9] rms @)

and the numerlcal values are plotted in figure 16.

3., The free-alr spvan loading of this wing, as obtained
from reference 6; is plotted in figure 17. The increment of
load due to the Jet boundaries 1s calculatod from the upwash-
angle valueos determined in step 1 and the influonce linses
of refoerence 5 and 1s plotted in flgure 18. The arsa under
the curve of figure 18 is 0.583, which corresponds to a )
(AGL/GL)w of 0.583/7 or 0.0833. The increments of Jjet-

boundary-induced load are multiplied dy 1/(1-0.0833) or
1.091 and are added to the free-alr load and plotted in
figure 17.- The tunnel loading corresponding to unit 1lift
coefficlent 1ls obteained by multiplying the ordinates of
7.0

7.04+0.583 x1,091
L comparison of the final tunnel load curve with the free-
alr load curve and the span-load data of reference 6 shows

that the tunnel loading corresponds to a taper ratio of
about 0.46,

the total-load curve by the area ratio
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“-&, - The sams procedure appliéd to the span-load curve
for the flaps, as obtalned from rsference 5, 1s 1llustrated
in flgures 18 and 19. [ (I)

5. The wvalues. of ] required to compute the

correctiona due to streamline curVature are taken from
table I, The summation product

y 22 e

lw w

for the wing correspcnds to a one-step anprozination to the
load curve as shown in figure 20. The value of

ccqh
bc;. ) for y, = 6 1s 1.167. The results of the cal- .
7
v

culatioa of the deslred product

W W
r_a (ch) I Z 9 (r) A (ccr@.
ox cx bGL
W Vi,
are glven 1n figuras 21.

24 VCL 3
y |3 . c for the flap 1is

found eimllarly. The two-step approximation to the losad
curve le shown in flgure 20 and the numerlcal values of the
final product are glven in figure 21.

6. The produet

7a. The correction to the angle of attack due to the
effect of the Jet boundarles on the wing alone 1s the sum
of the correcbions obtained from equations (3) and (5). .
The value of (ACy/Cp), 1in equation (3) 1s 0.0833 as found

in step 3. Thus, from equation (3),
0.0833 x 57,3 _ -

x
The factor 0.50 - —l:l* of equation (5) may be assumed to

be equal to 0.25 for the wing alone and
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c2dy = 0.248

[ G
. 3
: 5y dx
v O v
from a mechanical integration of the curve in figure 21.
(The mcment of the area about the plane of symmetry 1s

found at this time 'to be 0.580 and will be used in sbep
14.) Thus :

57.3 x 0.25 Cy,.
(Aa ) = ¥ 9
s.c.’, 14

7b. The alternate method of obtaining the angle—of-
attack correcticn 1s given in equation (4). TFigure 22
W
VCy
curve is oqual to 0.307, wvhich glves a correction equal to

glves values of ( ) ¢ for the wing. The.area under the

57.3 O, X 2 X 0.307
Aoy, = = Lw X 2 = 1,078 Cp
52.57 ' w

The value of (A“a.c.)w will, of course, be the same
as found in step 7a. :

8., The total angle-of-attack correction due %o tho
wing alone le, from step 7a,

Ao, = 1.090 GLw + 0.254 ch = 1.344 cL‘

o, from step 7D,
Aa, = 1.078 Cp, + 0.254 CL, = 1.3%2 CLy

9, The correction to the angle of attack due %o the
flap loading i1s found, from equation (3), to be

bag = 1.200 Op,

or, from equation (4),

Ace 1.190 ch

The effect of streamline curvature 1s not considered because

x .
the faoctor 0.50 -~ —l:l& ® 0 for the flappred wing.

10. The total oorrectioﬁ to the angle of attack is
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the sum of the wing and flap correctioni. from equations
(3) ana (5), .

By pyay = Oy + Aag = 1.3% Op  + 1.20 Op,

or, from equations (4) and (5)

1. The correction to the 1ift o! the wing ie glven
in equation (7) as

y 4.38 !
(801, . )' = ..0.3;54-(:1,"r 7.3 +0.0194 Og,,

13, The correotion to the 11ft of the flap le con-
puted from equation (6) as

- [ 7 —0. 09 c
(AOLB.O.)f = ——4—(1—4Y:- (0 26 ) l=. 023 Iif

13. The total 11ft correction 1e

(aor, ) = -0,0194 Oy, - 0.0209 Or,..
8-¢-"total Yo £

14, The moments of arce detormined in steps 7 and 12
will be used in the determination of the spanwise center of
pressure of the 11ft correction load from egquation (9),
which gives a value of Yy, . & 2.36 feet for the wing

correctlion and yg. . = 2.16 feet for the flap correction.

These values are required for the compntation of the gor-
roction to the pitching-moment coeffiglent.

15. The cerrection to the measured pitchin moment
due to the wing alone is obtalned from equation %6) where-

the chord ¢ at the lateral center of pressurs determined’
in etep 14 18 2.54 feet. DBecause the pltching-moment occef-
ficients for this model are given about the 0, 250 line and

" in terms of the mean chord, xg, = 2.64/4 and Ty = §/D

= 2,333, The cerrectien as obtalned from equation (8) 1s

) 2.64 v,

A .
(80m, 4, ¥ 4 2.333.% 4 X 14

0.248

= 00,0071 OLw
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16. . The correction to the flap pltching moment 1le
found by the same method to be

(Acmg_c.)f = 0.0077 Op,

17. The total pitching-moment-coefficlent correction
is

Acms.c. = 0.0071 O, + 0.0077 GLf

18. The induced-drag-coefficient correction is deter-
mined from equations (11) and (12) end the integrals of the
various preducts of boundary-induced upwash and load param-
eters are obbtained in stepe 1 to 4 and are plotted in fig-
ure 33. Thus,

A0py =f% [0.133 CLy" +0.169 0Ly + (0,145 +0.144) GL,ch]
= 0.0189 05,° +0,0241 COp.° +0.0413 Oy, C1,

19, The induced-yawing-moment-coefficient correction,
obtained from equationa'(lZ? and (13) and the mement inte-
grals of flgure 23, 1is

1 2 a .
A0n1='- 1) [0.340 ch +0.306 GLf-+(O.286+0.330) chch]

=-0.0017 €y °-0.0016 Cr,°~0.0031 01, 0L

20. The correction to the flap and aileron.hinge-
moment coefflclents due to streamline curvature 1es given
in equation (17). The value of P from figure 8 ie 0.036,
Mechaniocal integration of the curves of figure 24 gives
for the correctiens to the flap hinge~moment coefficient

5.67 X 14 x 0,036

(0.502 Oy +.0.603 O
8w X 6 X 1.94 X 0,55 oYe "Ly Le)

Achf =

or
thf = 0.0089 Cr, + 0.0107 GLf

The value of the correction determined frem flgure 14 18
somewhat smaller (A0p, = 0.0083 Cp), . beaause the chords
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near the root sections are smaller for the winge of refer-
ence B than for wings with linear taper. The corraction
to the aileron hinge-moment coefflcient 1s

Acha . 6,67 x 14 x 0,036

(0.127 Cr._ + 0.115 Og,)
B % 6 X 1.10 % 0,40 Lw £

ACp, = 0.C051 OL, + 0.0046 CLg

Agymmatrical Loading Conditions

21. The free-alr epar load distrlidbution due to the
deflection of one aileron 1s obtalned from reference 5
in terms of co}/cya and is plotted in figure 25(a). The

londing in terms of the paramcter cczA/bczc is obtained

by so adjusting the ordin-tes of the curve of figure 25(a)
that the momant o7 area svout the mlense of symmetry 1is
equal to 4.0 (b/2)®, The conve-sion may be made grapni--
cally or by means of eqnation (18) where cgi/b = 1.37

from flgure 6 and, from figure 16 of reference b, the value
of 016 k 1s tke difforence between the values at

y Yy .
— = 0.97 &end at —— = C.5, that is
v/2 YE ? :
st/k = 0,73 - C.256 = 0.48
and
G = - A = .
;c/m 0.5 C;B/k 0.24
Thereforse
cerh _ 1,87 eC1 _ g 59 20
b0y, 0.24 cgqa Ca®

The new curve of free—-alr load is plottsd in figure 25(1b).
The reflection load 1s added to tLe frese-alyr load to gilive
the reflectlon-loading curve of figure 25(b). The Jet~
boundary~induced upwash angle 1s obtained from aquation
(2) for the thres-step approximation to the load curve (as
indicated in fig, 26(b)). The numerical values of

w -
vtctc - 3A01£7 are plotted 1n figure 236. The corre-

sponding increment of load at each spanwlse station 1s od-
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telned from the influence lineg of reference 5 and l1s pre-~
sentad 1in figure 27. 7Yhe increment presented in flgure
27 nust be divided by

Ac; .
ZACIr
Cy

1l -~

1l +

c

where AC; 1s obtaired from equation (21) and the moment
of the curve of figure 27 as

40, = AQ;Zg = 0,0347

(14)
24,
and 1+-—6——1 ie equal to 1.084 from Figvre 9. The cor-
1
c

rected increments are acded %o tha reflectlon~load curvess
of figure 25(t) to give the iunnel-load curve (fig. 25(¢))
at the same aileron angle as the curve for the free-air
load. The ordinatos are agaln adjusted to give a moment
of 4.0 (b/2)®, which corresvonds te unit rolling-moment
coefflcient. The resulting corrected tunnel-load curve

1s presented in figvre 2F(ec).

22a. The corrected rolling-moment ccefficlent is ob-~
tained from equation (20) whore

1 + ——L = 1.084

and, from step 21,

ACy = 0.0547

1.08
Gl = 4 'J= 0.876 Gz
c 1.0814

-
¢ Ll _ 0.0547]

22b. The alternate metkod of determining the correct-
ed rolling-moment coefficient i3 to use equatlion (19) to

t
caleulate ACj;. The product - ¥ ] ¢ 1s plot-
L P [v\czo + 2803 ) P
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ted in figure 28 and the area moment is found by mechan-
joal integration to be 5.848., Flgure 10 gives J = 1.93.
Thersforoe,

X 5.848 = 0.056547

-]
x (6 + 1.93)

whilch 18 the same, in this cese, as the value calculated
in step 21. The agreement usually will be close but not
necessarlly exact. .

23. Tho corroction to the yawing-moment coefficlent
due to alleron deflectlion is obtalned from equation (22).
FPor this model the value of (Acni)l, due to the absent

ving, 18 found from figure 1l o0 be -0.0104 G;OOL. Step
22a gave C3, = 0.87f C,. Thues: (Acni)1 = ~0.0090 C;Cy,.

By considering the alleron-wing combinat109 and uslnug

ve from 1 16, . A
(w/T0L)y trom figure 16, [vrclc + 2807 )

26, tunnel (cczA/bCL)w' from figure 17, end tunnel
cc;A/bC;c from figure 25(c), equaticn (13) gives

1 ]
J from figure

'bll': .
0y, 0, nE T
(acy,) =- v | re—mmey] (RE) v e
\ 1 £ 'ba /1+ EAGIr) j; ;_v‘('c Ic+2A0 zrl bcL w
\ clc /

and

: " bv/2
ac chul ( W > ccqyh .
( ni): 5T TR, vers, w6y, T 7
[o}

The alleron-~-flap combinations are determined similarly.

Tho producte of the various upwash and loading parame~

tore aroe plottad in figure 29 and mechanical moment inte~
grations give

( ni A . ] 2&01 oy 1
v (1 + r
i

C
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3
(acq,) = - =22 01,01
1} .

1.680
(86q,) = - — 001
4

be ] 51 7
AC ) - o 257 g
( ni A b.u qul

2AC
1

When it is known thet b = 14 feet and 1 + —51—5 = 1.084
c

the total correction to the yawlng-moment coefficiont as
obtained from equation (22) 1is

ACp, = =0.009 0p0y - 0.026 Cp, Gy - 0.021 Cp Oy

25. The second couponent of the aileron hinge-moment
corroction 1s obtained approximately from equation (23),
with the use of figures 37 and 25(b). The total increment
of load et tho ailoron conter secticn is

ccya ! ce,h
A A + & (=2 ) = 0.45 + 0.25 = 0,70
b(clc + 2A01r) bulc

From rofereonco 9

9B = -0.266 cg/c

Thereforoe, tho correction is

14 C
AC, = - —=5 Y1  (_0.235 0.2 .70) = 0.04 C
h 50 X 6.0 (~0.265) (0.2) (o ) 4 1

CONCLTUDING REMARKS

Tho mothod for dotermining the jJet-boundary corrections
for reflectlon-plane modcls in rectangular wind tunnels was
presontud 1n some detall in order to make the method as
routine as posslblo. The method 1ncludes the determination
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of the tunnel span load distribution and the derivation of
equatione glving the corrsctions to the angle of attack;
the 11f%t and drag coefficlents, and the pitching-, roll-
ing~, yawing-, and hinge-moment coefficients. The princi-
pal effects of aerodynamic inductlion and the curvature of
the streamlines have been considerasd.

Numerical values  of the mcre important corrections
vere calculatsd for a serles of representative models mount-
ed In 7- by 10~foot clossd rectanguliar wind tunnels. In
order to simplify the calculatlion of correctlons for models
of unusual eige In 7- by 10-foot closed wind tunnrels, ta-
bles of the numerlcal values of the Jet-boundary-induced
upwash were presented. .

Langley iiemorial Aeronauticai Laboratory,
National Advisory Commltitee for Aeronautics,
Laagley Tield, ‘Va.
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TABLE I

DUE TO SINGLE UNIT COUNTERCLOCKWISE VORTEX ON

TUNNEL CZNTER LINE AND AT TWO DISTANCES y, FROM

REFLECTION PLANE IN %~ BY 10-FOOT
CLOSED RECTANGULAR WIND TUNNELS

43

. - BOUNDARY INDUCED UPWASH VELOCITY BEHIND LIFTING LINE

: ()
O 0.5 1.5 3-0 600 900 ) ax

¥ at x=0
vy, = 8

0 0.0132510,0153310.01935|0,02397|0,02805/0.02861 0.00412

2 . 01098 .01L277 .018l8 .02003 .02361 . 02394 ,00362

4 .00588 . 00700 .00806 .0ll1l458 01363 .01380 .00222

6 00146 ,00194 00281l rere e e e - .00096

81 -~.00037{~.00018 00024 |remceme | remmcee e .00036
yy = 6

0} 0.01706]0.01997 0002541.0'03193 0.0378710,03821 0.00588

2 .01l605 .018890 . 02401 .03018 ,03613 .03818 . 00550

4 .01l286) .01521 L019871 ,02585f .02923 .02962f .00472

6 .00827 .00994 01296 ] —— - .00334

8 .00551 900666 .00882 Fadiadhadiadhodi ol B Bl B R R R ,00230

Ty
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TABLE II
.

BOUNDARY-INDUCED UPWASH VELOCITY AT THE LIFTING LINE DUE TO A SINGLE UNIT COUNTERCLOCKWISE VORTEX AT VARIOUS

¥y

DIZTAH?ES Y1 FROM_TH@ REFLECTION PLANE: IN®7- BY 10-FQOT CLOSED RECTANGULAR WIND TUNNELS ;e . NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

T

71 - . - v _
(re) 0.5 1.0 1.5 2.0 | 2.5 3.0 .} 3.5 ho | Lo | 5.0 5.5 6.0 6.5 7.9 7.5 | 8.0 | "85 [. 9.0 9.5

F(rt)

Vortex on tunnel center line 7 . ‘ K . :

0.0026710.005230.0076l|0.00980|0.01157| 0.01325|0.01452|0.02548]0.01620{0.01670{0.01698 |0,01706| 0.01708 |0.01698| 0.01680(0.01662|0.01638)0.01618|0.01602
.002621 .0051f| .00751| .00966( .0115%| .01310| .01437 .01?36 .01609| .01658( .016%0 .01202 .01792 .91égh .01680 ;.0165g, .016L0| *.01620( .0160
.00249( .oolgo| .00716 .oogz% .01108] .0326Y4| -.0130L|. 01498 .0157§ .01627| .0166L | .0168L1 .01688| .016BL ';01623 58| L016L1| .01627( .0161
.00229| .o00L52{ .00663| .00858{ .01035( .01192{ J01325| .01L32| -ib1516| .01580| .01623| .01850( .01666| .01467| .01662} .01655} .0L6L5| 016351 .01629
.00202| .o0Lo2| .0059L| .00 7%. .00 aa 01096 .01230} .013L3| .01438| .01512| ,01566| .01605| .016291 .o16L4| .016L9| J016L5] .016L49] 1.016L7]| .016L49
.00173| .003 .00513 0027 . ' 6| .0111L} .01236| .01339( .o1f2L! .o01L9l| .o015L5| .01583 .0161X| .01631| .016L3| .0165)] .01663| .01676
.00142] .002 % .00228 .00 7% .00716] -.00853! .00986| .01110{ .01222| .01321| .01403 1301ﬁ72 © 015271 .01570| .01605| 01633 .01657|-.01680! .o1712
.00111 .0022 .003% .ooEé .00592( .00722| .00 ug .00972{ .01092| .01201] .01299| .01385! .01f59| .01521 .01572( .01619) ioléB2] .01706 .0155
.0008l| .00172] .002 .00%63| 00472 .00588] .00708{-.0 gl. .00951{ .01070[ .01183{ ,01286 _.01353 L0161 .01535| ©01601} .016681 .01735{ .OL
.00061| .00122] ,00190{ .00270{ .00359 .ooﬂ 8| .00570| .006 g, .00809{ .00933| 01057 .01177| .Ol2 . .01450 .01769| ,0.676
.00038] .00079| .00128| 00186 .00256] ..003L1] .00L37| .005L8| .0066%. .00296 .oogzg ,+01059| ,01191| .01317| .01 89 ,01815] .01958
.00013| .000 .00075] .0011k| ,00168| .00235{ .00319 ,.00319 .00535| .00 .009[,1| ,010881 .012L40| .01390] .01543| L0170k .0187L| .02062
.00006| ,0001l| .00030| .00057| .00093| .001L&| .00217| .00306{ .00L13( .00537| .00677| .00B27| .00990| .01161 .01331 .01531] +0I732° .01951] .02197
-.0000) {-.00008|-.0000L| .00009| .00035] .00075| .00133] .00211| .0030B| .00L27! .00566| .00726| .00900( .01091| :01302( iC1530 ,.o;g7& .02055| .0237
-.0001l |-.00022|-,000291-.,00026|~.00009, .00022! .00069|..00135| ,00225| .00337| .00L76( .00639| .00B27| .01041| .01280| .01EL9)-".015531-.
-.00018|-.00035 -.ooohﬁ .00047(~.00039} -,00015| .000 .00083 | .0016f| .00274| .oohio| .00577! .00780| .01016| .01288| ..01603| .01573] .0212| .029L
~.00021|-.000040|-.00053 | -,00057| ~.00053| ~.00037 [ -.00001| .00053| .00132| .00237| .00375| .00551| .00766| .010R7} .01339| .01712| .02162|".02719| .03L436
-.00022|~-,000%9 {-,00053 | - .00059 | -.00055| -.00039 [-.00008 .000@8 .00126| 00233 .003781 .0056l .oogg& .01089{ .01L51| .01898| -,02L58| 03186} .0L192
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Figure /.- Three- dimensional arrangement of the doubly
infinite image pattern sotisfying the boundary conditions
for a refleciion- plane model/ of o wing on the center
line of a closed rectanqular wind tunnel.
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- Figure 23.- Variation of the parameters used to compute the induced-drag and yawing-moment
corrections, for symmetrical loading, along the semispan of the model used for the
illustrative example.’
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the model used for the illustrative example.
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Figure 29.- Variation of the parametirs used to determine the inducsd-yawing-moment correction due

to aileron deflection along the semispan of the model used for the illustrative example.
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